Multicellular organisms are composed of groups of different cell types. The importance in the evolution of cellular diversity of regulatory changes in genes that control cell specification has been revealed by a recent study of developmental genes in Arabidopsis. Address Changes in the regulation of conserved developmental genes are known to have played a major role in the evolution of body plans and cellular diversity in multicellular organisms. A textbook example of the importance of such regulation is found among a morphologically varied group of animals -the arthropods -in which diversification of Hox gene expression is associated with diversification of body plans [1] . Such changes in gene regulation can occur in many ways. These include changes in the cis regulatory sequences that specify a gene's spatiotemporal expression pattern, or in the trans-acting factors that bind to these sequences to regulate transcription of the gene. The importance of cis regulatory regions in the evolution of cellular diversity is illustrated by a recent study [2] in which regulatory regions were swapped between a pair of paralogous genes -that is, homologues within a genome, created on an ancestral lineage by gene duplication -required for specification of epidermal cell identity in Arabidopsis. The results suggest that the evolution of cellular diversity in higher plants is likely to have involved changes in the cis regulation of functionally equivalent genes.
Changes in the regulation of conserved developmental genes are known to have played a major role in the evolution of body plans and cellular diversity in multicellular organisms. A textbook example of the importance of such regulation is found among a morphologically varied group of animals -the arthropods -in which diversification of Hox gene expression is associated with diversification of body plans [1] . Such changes in gene regulation can occur in many ways. These include changes in the cis regulatory sequences that specify a gene's spatiotemporal expression pattern, or in the trans-acting factors that bind to these sequences to regulate transcription of the gene. The importance of cis regulatory regions in the evolution of cellular diversity is illustrated by a recent study [2] in which regulatory regions were swapped between a pair of paralogous genes -that is, homologues within a genome, created on an ancestral lineage by gene duplication -required for specification of epidermal cell identity in Arabidopsis. The results suggest that the evolution of cellular diversity in higher plants is likely to have involved changes in the cis regulation of functionally equivalent genes.
In Arabidopsis, a pair of paralogous proteins of the MYB family -relatives of the vertebrate DNA-binding protein MYB -are required for the specification of cellular identity in the root and the shoot epidermis [3] (Figure 1) . The leaf and shoot surface is covered in hair-like trichomes and other epidermal cells, such as guard cells. The GLABRA1 (GL1) gene encodes a MYB family protein that acts as a positive regulator of trichome development in shoots of Arabidopsis; mutants lacking GL1 function do not form trichomes. The root epidermis is composed of a patterned array of hair cells and non-hair cells. The WERE-WOLF (WER) also encodes a MYB protein, which acts in the root epidermis as a positive regulator of non-hair-cell development; mutants lacking WER function fail to develop non-hair epidermal cells [4] . At least two other genes are common to the two developmental pathways: GLABRA2 (GL2) and TRANSPARENT TESTA GLABRA (TTG) are required for the development of both trichomes in shoots and non-hair cells in roots [3, 5] . This suggests that there is a partially conserved mechanism by which cell fate is specified in the shoot and the root. This view is supported by the observation that GL1 is expressed only in the root, and WER only in the root.
The GL1 and WER genes clearly have a common ancestor at some point in their evolutionary history. Is their diverged developmental function a result of changes to the sequences of their protein products, or of changes in the genes' cis regulatory sequences? Lee and Schiefelbein [2] addressed this issue by testing whether the GL1 and WER proteins are functionally equivalent, by swapping their genes' cis regulatory regions and generating transgenic plants in which the WER coding region is expressed under the control of the GL1 regulatory regions, or vice versa. This cis-swapping party showed that WER and GL1 proteins are functionally identical. If WER is expressed in the domain in which GL1 is normally expressed, then it can complement gl1 mutations, showing that WER can replace GL1 in the shoot epidermal domain. Likewise, when GL1 was expressed in the WER domain, it complemented the wer mutant phenotype. As the WER and GL1 proteins are functionally identical, the specificity of WER and GL1 function must reside in their cis regulatory elements.
Root epidermis developmental patterns have been mapped onto a phylogeny of the Brassicales -the order that includes Arabidopsis -that was constructed using DNA sequence and morphological traits [5] [6] [7] . The result of this mapping shows that the characteristic pattern of hair and non-hair cells found on Arabidopsis roots is derived from an ancestor in which every cell in the root epidermis developed as a hair cell -the ability to form non-hair cells is therefore a derived trait. It is possible that WER activity was absent from the ancestral root epidermis, but that regulatory changes leading to its expression in the epidermis were at least partially responsible for the appearance of non-hair cells in the root epidermis of members of this plant group (or clade). This regulatory change could have occurred after a gene duplication event -that is, it could be that the ability to specify non-hair cell identity in roots resulted from the acquisition of WER activity after a change in the regulation of a duplicated MYB gene. This hypothesis is testable and highlights the utility of good phylogenies in determining the genetic basis of morphological evolution.
The importance of cis regulatory elements in the control of plant form is also clearly illustrated by the morphological modification of maize during domestication. Maize is a domesticated version of a tall weedy grass called teosinte, which has been subject to artificial selection for approximately 10,000 years. Five major quantitative trait loci (QTL) -genes identified by virtue of the fact that they affect quantitative traits -have been shown to be responsible for most of the morphological differences between maize and teosinte, which include branch size, seed size and so on. One of the QTLs corresponds to a gene called Teosinte branched 1 (Tb1), which encodes a suppressor of the growth of lateral branches from groups of stem cells located in leaf axils called axillary meristems [8] . Tb1 is expressed at low levels in the highly branched teosinte, but at higher levels in the relatively unbranched maize [9] . Differences in Tb1 expression thus correlate with the altered branching pattern between maize and teosinte. These differences are the result of changes in cis regulatory elements between the two plants [10] . Strong selection for a gene or part of a given gene tends to result in a decrease in genetic diversity in and around this gene. The promoter regions of Tb1 in extant maize populations exhibit low levels of genetic diversity, indicating that, during domestication, selection has acted on this region of the Tb1 gene. In contrast, the genetic diversity of the coding regions is higher, resembling that of a neutral gene -one that has not been subject to strong selection. Thus, during maize domestication there was strong selection on the cis-regulatory regions compared to the coding region, again highlighting the importance of changes in the regulation of developmentally important genes in the evolution of morphological traits.
The importance of cis regulatory elements in the generation of cellular diversity in Arabidopsis and in the domestication of maize illustrates their potential role in morphological evolution. But there are other mechanisms of gene regulation that may be important in the evolution of plant form -methylation, for example. Linaria flowers are usually bilaterally symmetrical -a morphological characteristic that is thought to have co-evolved with insect pollinators. A wild population of Linaria in which individuals with radially symmetrical flowers are found was described by Linneaus in the 18th century [11] ; these plants are said to be peloric. Studies on a related model plant, the snapdragon Antirrhinum, showed that the CYCLOIDEA (CYC) gene is required for the development of bilateral asymmetry in flowers of this family. CYC expression is also required for the development of bilateral symmetry in Linaria; CYC mRNA is absent from the peloric Linaria flowers. Surprisingly, the DNA sequence of the CYC gene in peloric Linaria is identical to that found in the bilaterally symmetrical form, suggesting that the lack of CYC in the peloric form may be due to epigenetic regulation. Indeed, the peloric allele was found to be hypermethylated, which can account for the absence of CYC expression as DNA hypermethylation is correlated with gene inactivity in plants. This raises the question as to the basis of the phenotypic variation observed in other species in the wild, and perhaps during domestication: could some of the apparent genetic variation in wild plant populations actually be a consequence of more widespread epigenetic control?
These varied tales of deviant plant form illustrate the importance of gene regulation in the generation of morphological variation in plants. The fields of paleobotany and systematics are defining the extent of this morphological variation, the relationships between groups of plants, and the time scales over which this diversity evolved [12] . Developmental genetics is providing a genetic tool kit with which we can examine the roles of gene regulation in the evolution of plant diversity. Perhaps we shall soon gain mechanistic insights into the regulatory events that may have played an important part in the diversification of forms that accompanied the emergence of vascular plants during the Silurian-Devonian periods and the later Angiosperm radiation during the Cretaceous period.
